Negative corona discharge occurs widely in high voltage transmission lines and other "high voltage" uses, which can cause strong electromagnetic interference (EMI). In this research, the pulse current of multi-needle negative corona discharge and its electromagnetic (EM) radiation characteristics were studied and compared with that of single-needle negative corona discharge. A dipole radiation model was established to analyze the EM radiation characteristics of the negative corona discharge. The results show that the Trichel pulse discharge process of one discharge needle in multi-needle discharge structure will inhibit the discharge of the other discharge needles. It is only when the voltage reaches a certain threshold will the current and EM radiation fields of multi-needle discharge structure with a significant increasing of amolitude. The frequency of EM radiation of negative corona discharge is not affected by the number of needles, but is only related to ambient air pressure. This research provides a basis for detecting corona discharge sources in different conditions.
Introduction
Corona discharge, which is a relatively low-energy discharge process, occurs only in a strong electric field near a electrode with small radius of curvature [1] is a common discharge phenomenon in plasma generator [2] , ozone generator [3] , electrostatic precipitator [4] , electrostatic printing, electrostatic charge of aerosol particles [5] , high voltage transmission lines [6] , and charged aircraft [7] . Corona discharge usually performs simultaneously in a multi-needle (multi-point) format [8] [9] [10] .
Negative corona discharge currents exhibit a regular pulse form, called Trichel pulse [11] , which can cause strong electromagnetic (EM) interference. The EM radiation characteristics of multi-point and single-point corona discharge are significantly different. On the one hand, multi-needle negative corona discharge can cause the loss of power high voltage equipment, radio interference and television interference [12] . On the other hand, multi-needle negative corona discharge EM radiation signals can be used as target signals for high-voltage transmission line detection and high-altitude aircraft target recognition [13] . Therefore, it is of great significance to study the pulse current of multi-needle negative corona discharge and its EM radiation characteristics.
Reid A.J. [14] , Mutakamihigashi T. [15] , and Nugraha F.A. [16] studied the EM radiation characteristics that were produced by partial discharge (PD). IEC 62478 standard [17] and Tungkmawanich A. [18] proposed methods for PD detection using EM radiation signals of PD. However, their research focuses more on strong discharge, such as spark discharge, but less on EM radiation characteristics of corona discharge. Yasuyuki T. et al. [19] experimentally studied the spectrum of the negative corona discharge radiation signal under the needle-plate discharge structure and compared it with the spark discharge EM radiation signal. Although they obtained the spectrum of the negative corona radiation signal, they did not analyze the mechanism of the radiation signal. He W. [20] studied the characteristics of alternating current corona discharge pulses and its radio interference level in a coaxial wire-cylinder gap. They focused on the radio interference current at a frequency of 0.5 MHz. Zhang Y. [21] studied the relationship between the spectrum of the single-needle negative corona radiation signal and the discharge parameters. He believed that the spectrum of the discharge EM radiation signal is only related to the rising time of the Trichel pulse current. But, the study did not analyze the discharge EM radiation process.
The above studies did not pay attention to the EM radiation characteristics of multi-needle DC negative corona discharge. At present, researches on multi-needle (multi-point) discharge mainly focus on the volt-ampere characteristics of discharge and the interaction analysis of discharge process [9, 22] . In addition, Albarracin R. [23] studied the EM radiation characteristics of multi-needle corona discharge under AC voltage. His research provides a good basis for the study of EM radiation characteristics of multi-needle corona discharge. However, further research is needed on the EM radiation characteristics of multi-needle negative corona discharge. The pulse current characteristics of the multi-needle negative corona discharge should be studied, and the corresponding relationship between EM radiation signal and pulse current should be analyzed. The effects of multi-needle discharge structure on pulse current and EM radiation characteristics of negative corona discharge must be further studied.
In this paper, we focus on the current characteristics of multi-needle negative corona discharge and its EM radiation characteristics. A test system for negative corona discharge radiation characteristics was set up. The effects of discharge parameters on the single-needle negative corona discharge Trichel pulse current and its EM radiation field were tested. The current superposition of multi-needle negative corona discharge and the interference of the EM radiation field were studied. The EM radiation model of dipole negative corona discharge was established, and the relationship between the EM radiation characteristics of negative corona discharge and the parameters of the discharge system was analyzed. Effects of multi-needle discharge structure on the EM radiation characteristics of negative corona discharge were studied. This study can provide promising methods for the evaluation of insulation condition of electric apparatus as well as the detection of the discharge sources.
Experimental Setup
The experimental system is shown in Figure 1a , which consists of a high voltage generating module, a discharging module, a signal detection module, and a shielding module. The high voltage generating module includes the high voltage power supply and the high voltage capacitor. During the experiment, the high voltage capacitor is charged at first with the high voltage power supply. The high voltage power supply is turned off after the voltage reaches a predetermined value. The high voltage capacitor is used to supply the discharge needle to eliminate the EM radiation interference that was generated by the high voltage power supply. The capacitance is 20 µF and the withstand voltage is 20 kV. The discharging module is designed according to IEC 60270 standard [24] , which includes a corona discharge object and a vacuum box, as shown in Figure 1b ,c. Discharge experiments of discharge needles of different tip radius can be carried out through the change of the discharge needle on the discharge object, and multi-needle simultaneous discharge experiments can also be performed. The displacement platform on the corona discharge object can be used to precisely control the gap of the electrodes. The vacuum box can control the air pressure of the discharge environment in the range of 0.01 MPa to 0.1 MPa. The grounding plate is grounded through a 1 kΩ sampling resistor. The signal detection module includes an oscilloscope (Tektronix MDO3104, Tektronix, Tektronix, Beaverton, OR, USA), a spectrum analyzer (Agilent E4447A, Agilent, Santa Clara, CA, USA), and a receiving antenna (Discone Antenna OX-08-02, 20 MHz to 1000 MHz. Kelixun, Chengdu, China). The antenna has a S11 parameter lower than 2 in the 20 MHz to 1000 MHz band. The oscilloscope measures the voltage waveform on the sampling resistor to calculate the discharge current. The corona discharge EM radiation signal is received by the wide-band diskcone antenna, and the distance d between the antenna and the discharge device can be adjusted. The signal, received by the antenna, is collected by the oscilloscope after being analyzed by the spectrum analyzer.In order to eliminate the influence of external electromagnetic interference (EMI) on the test results, all experiments were proceeded in a microwave anechoic chamber. The signal detection module includes an oscilloscope (Tektronix MDO3104, Tektronix, Tektronix, Beaverton, OR, USA), a spectrum analyzer (Agilent E4447A, Agilent, Santa Clara, CA, USA), and a receiving antenna (Discone Antenna OX-08-02, 20 MHz to 1000 MHz. Kelixun, Chengdu, China). The antenna has a S11 parameter lower than 2 in the 20 MHz to 1000 MHz band. The oscilloscope measures the voltage waveform on the sampling resistor to calculate the discharge current. The corona discharge EM radiation signal is received by the wide-band diskcone antenna, and the distance d between the antenna and the discharge device can be adjusted. The signal, received by the antenna, is collected by the oscilloscope after being analyzed by the spectrum analyzer.In order to eliminate the influence of external electromagnetic interference (EMI) on the test results, all experiments were proceeded in a microwave anechoic chamber. 
Experimental Results and Analysis

Single-Needle Negative Corona Discharge Trichel Pulse Current and Its Radiation Characteristics
The initial stage of negative corona discharge is the Townsend discharge stage, where the discharge current is usually within 1 µA and is relatively stable. As the applied voltage increases, the discharge enters the Trichel pulse stage. Figure 2 shows the Trichel pulse current and its radiated signal waveform. Trichel pulses have a short rising time, which is typically tens of ns. The falling time is typically a few hundred ns, much longer than the rising time. Trichel pulses have a stable repetition rate. In the Trichel pulse stage, EM waves will be radiated to the surroundings. The waveform of the discharge EM radiation signal that was received by the antenna corresponds to the Trichel pulse current waveform with the same repetition frequence. Therefore, it is believed that the discharge radiation signal is generated by the Trichel pulse process. The frequency spectrum of the discharge EM radiation signal under atmospheric pressure is shown in Figure 3 . The figure indicates that the frequency of the single-needle discharge radiation signal is mainly within 200 MHz. There is a large energy distribution near 70 MHz (the fundamental frequency of the EM radiation signal), and also a certain energy distribution near 132 MHz. (second-harmonic generation of the EM radiation signal).
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The initial stage of negative corona discharge is the Townsend discharge stage, where the discharge current is usually within 1 μA and is relatively stable. As the applied voltage increases, the discharge enters the Trichel pulse stage. Figure 2 shows the Trichel pulse current and its radiated signal waveform. Trichel pulses have a short rising time, which is typically tens of ns. The falling time is typically a few hundred ns, much longer than the rising time. Trichel pulses have a stable repetition rate. In the Trichel pulse stage, EM waves will be radiated to the surroundings. The waveform of the discharge EM radiation signal that was received by the antenna corresponds to the Trichel pulse current waveform with the same repetition frequence. Therefore, it is believed that the discharge radiation signal is generated by the Trichel pulse process. The frequency spectrum of the discharge EM radiation signal under atmospheric pressure is shown in Figure 3 The Trichel pulse that is generated by negative corona discharge is related to factors such as applied voltage, air pressure, and tip radius of the discharge needle, etc. Figure 4 shows the relationship between the repetition frequency of the Trichel pulse and the applied voltage. The repetition frequency of Trichel pulse increases with the raise of applied voltage, while the amplitude of a single pulse decreases slightly. This is consistent with the research results of Leob [25] . The spectrum of the discharge radiation signal at different pulse repetition frequencies is shown in Figure 5 . The intensity of the discharge EM radiation signal decreases slightly, the frequency of the EM radiation signal does not change, the spectral lines become denser, and the average power of the discharge radiation signal increases as the increase of the repetition frequency of Trichel pulse current that is generated by the negative corona discharge. It also indicates that the changes in gap distance of electrode do not affect the intensity and frequency of the radiation signal. The Trichel pulse that is generated by negative corona discharge is related to factors such as applied voltage, air pressure, and tip radius of the discharge needle, etc. Figure 4 shows the relationship between the repetition frequency of the Trichel pulse and the applied voltage. The repetition frequency of Trichel pulse increases with the raise of applied voltage, while the amplitude of a single pulse decreases slightly. This is consistent with the research results of Leob [25] . The spectrum of the discharge radiation signal at different pulse repetition frequencies is shown in Figure 5 . The intensity of the discharge EM radiation signal decreases slightly, the frequency of the EM radiation signal does not change, the spectral lines become denser, and the average power of the discharge radiation signal increases as the increase of the repetition frequency of Trichel pulse current that is generated by the negative corona discharge. It also indicates that the changes in gap distance of electrode do not affect the intensity and frequency of the radiation signal. As shown in Table 1 , when the air pressure is reduced from 0.1 MPa to 0.04 MPa, the rising time of the Trichel pulse increases from 52 ns to 265 ns, while the pulse amplitude remains unchanged. Studies show that the discharge EM radiation signal spectrum is only related to the rising time of The Trichel pulse that is generated by negative corona discharge is related to factors such as applied voltage, air pressure, and tip radius of the discharge needle, etc. Figure 4 shows the relationship between the repetition frequency of the Trichel pulse and the applied voltage. The repetition frequency of Trichel pulse increases with the raise of applied voltage, while the amplitude of a single pulse decreases slightly. This is consistent with the research results of Leob [25] . The spectrum of the discharge radiation signal at different pulse repetition frequencies is shown in Figure 5 . The intensity of the discharge EM radiation signal decreases slightly, the frequency of the EM radiation signal does not change, the spectral lines become denser, and the average power of the discharge radiation signal increases as the increase of the repetition frequency of Trichel pulse current that is generated by the negative corona discharge. It also indicates that the changes in gap distance of electrode do not affect the intensity and frequency of the radiation signal. As shown in Table 1 , when the air pressure is reduced from 0.1 MPa to 0.04 MPa, the rising time of the Trichel pulse increases from 52 ns to 265 ns, while the pulse amplitude remains unchanged. Studies show that the discharge EM radiation signal spectrum is only related to the rising time of As shown in Table 1 , when the air pressure is reduced from 0.1 MPa to 0.04 MPa, the rising time of the Trichel pulse increases from 52 ns to 265 ns, while the pulse amplitude remains unchanged. Studies show that the discharge EM radiation signal spectrum is only related to the rising time of Trichel pulse [19] . The main frequency position of the EM radiation signal that is generated by the negative corona discharge shifts from 70 MHz to 45 MHz, while the power of the discharge EM radiation signal decreases from 1.926 nW to 0.218 nW. As the tip radius of the discharge needle increases from 62 µm to 210 µm, the amplitude of the Trichel pulse increases from 240 µA to 550 µA, while the rising and falling time of the pulse remains unchanged. This result is consistent with that of Lama [26] and Dordizadeh [27] . The frequency of the negative corona discharge EM radiation signal remains unchanged and the power of the radiation signal increases from 1.926 nW to 8.581 nW.
Therefore, the frequency of the single-needle negative corona discharge EM radiation signal will be determined by the air pressure. The intensity of the EM radiation signal of the negative corona discharge is affected by the air pressure and the tip radius of cathode. The applied voltage and the gap distance of the electrode have no effect on the EM radiation signal frequency, but affect the intensity and the average power of the discharge radiation signal.
Multi-Needle Negative Corona Discharge Characteristics
In practical applications, corona discharge often has a multi-needle (multi-point) structure. The waveform of a multi-needle discharge is significantly different from single-needle discharge. We firstly measured the double-needle discharge Trichel pulse current. To distinguish the Trichel pulse currents that were generated by different discharge needles, we chose two discharge needles with tip radius of 168 µm and 94 µm, respectively, for experiments (the larger the tip radius is, the larger the amplitude of the Trichel pulse current will be). The discharge condition is: applied voltage 7.4 kV, gap distance 10 mm, ambient pressure 0.1 MHz, and relative humidity 42%. The discharge current is shown in Figure 6a . It can be clearly indicates that the amplitude of the Trichel pulse current that is generated by the discharge needle with a smaller radius is about 270 µA, and the pulse interval time is 1.32 µs., while the large radius are respectively 440 µA and 6.08 µs. Under this voltage, the Trichel pulse currents that were generated by the two discharge needles appear separately. Through further increasing the applied voltage, the discharge current waveform is shown in Figure 6b . It indicates that as the applied voltage increases, the amplitude of the Trichel pulse current that is generated by the smaller radius tip decreases from about 270 µA to about 245 µA, and the pulse interval time decreases to 0.69 µs. At the same time, when the applied voltage rises to a certain value, the Trichel pulses that were generated by the discharge needle with larger tip radius and smaller tip radius superimpose with each other. The maximum amplitude of the superimposed pulse current can reach 535 µA and the minimum 490 µA, which is significantly larger than the unsuperimposed pulse. We also measured the discharge current of the multi-needle discharge structure. The test result is similar to the double-needle discharge. As the applied voltage increase, the smaller tip radius needle begins to discharge first. The other needles begin to discharge with further increases of applied voltage. The Trichel pulse current between the needles occurs separately in a certain voltage range. However, as the applied voltage continues to increase, the Trichel pulse current generated by the different discharge needles will be superimposed, and the amplitude of the superimposed pulse will increase significantly. When the applied voltage is lower, the Trichel pulse processes of the two needles will not happen at the same time. The EM radiation signal, which corresponds to the Trichel pulse current, is determined by the Trichel pulse current generated by each needle. When the applied voltage rises to an appropriate value, the Trichel pulse processes of the two needles will occur simultaneously. The Trichel pulse current waveform and the EM field signal generated during the simultaneous discharge of the two needles are shown in Figure 7 . The pulses pointed by arrow 1 and arrow 2 are the Trichel pulse generated by two different discharge needles respectively, and the larger pulse pointed by the arrow 0 is the superimposed pulse that is generated by the simultaneous discharge of the two discharge needles. It can be seen that the discharge EM radiation signal generated by the non-superimposed Trichel pulse current has amplitude of about 4.5 mV, and for the superimposed pulse current, the amplitude can reach 7.5 mV. Therefore, when the double-needle simultaneous discharge pulse currents superimpose, the generated EM radiation field will also be superimposed, and the intensity will increase significantly. The double-needle discharge radiation spectrum is shown in Figure 8 . The air pressure is 0.1 MPa and the tip radius of both discharge needles is 60 μm. It indicates that the spectrum of the EM radiation signal of the double-needle negative corona discharge is mainly distributed within 200 MHz, the signal intensity is large in the frequency band around 70 MHz, and there is also a certain When the applied voltage is lower, the Trichel pulse processes of the two needles will not happen at the same time. The EM radiation signal, which corresponds to the Trichel pulse current, is determined by the Trichel pulse current generated by each needle. When the applied voltage rises to an appropriate value, the Trichel pulse processes of the two needles will occur simultaneously. The Trichel pulse current waveform and the EM field signal generated during the simultaneous discharge of the two needles are shown in Figure 7 . The pulses pointed by arrow 1 and arrow 2 are the Trichel pulse generated by two different discharge needles respectively, and the larger pulse pointed by the arrow 0 is the superimposed pulse that is generated by the simultaneous discharge of the two discharge needles. It can be seen that the discharge EM radiation signal generated by the non-superimposed Trichel pulse current has amplitude of about 4.5 mV, and for the superimposed pulse current, the amplitude can reach 7.5 mV. Therefore, when the double-needle simultaneous discharge pulse currents superimpose, the generated EM radiation field will also be superimposed, and the intensity will increase significantly. When the applied voltage is lower, the Trichel pulse processes of the two needles will not happen at the same time. The EM radiation signal, which corresponds to the Trichel pulse current, is determined by the Trichel pulse current generated by each needle. When the applied voltage rises to an appropriate value, the Trichel pulse processes of the two needles will occur simultaneously. The Trichel pulse current waveform and the EM field signal generated during the simultaneous discharge of the two needles are shown in Figure 7 . The pulses pointed by arrow 1 and arrow 2 are the Trichel pulse generated by two different discharge needles respectively, and the larger pulse pointed by the arrow 0 is the superimposed pulse that is generated by the simultaneous discharge of the two discharge needles. It can be seen that the discharge EM radiation signal generated by the non-superimposed Trichel pulse current has amplitude of about 4.5 mV, and for the superimposed pulse current, the amplitude can reach 7.5 mV. Therefore, when the double-needle simultaneous discharge pulse currents superimpose, the generated EM radiation field will also be superimposed, and the intensity will increase significantly. The double-needle discharge radiation spectrum is shown in Figure 8 . The air pressure is 0.1 MPa and the tip radius of both discharge needles is 60 μm. It indicates that the spectrum of the EM radiation signal of the double-needle negative corona discharge is mainly distributed within 200 MHz, the signal intensity is large in the frequency band around 70 MHz, and there is also a certain The double-needle discharge radiation spectrum is shown in Figure 8 . The air pressure is 0.1 MPa and the tip radius of both discharge needles is 60 µm. It indicates that the spectrum of the EM radiation signal of the double-needle negative corona discharge is mainly distributed within 200 MHz, the signal intensity is large in the frequency band around 70 MHz, and there is also a certain frequency distribution in the frequency band around 140 MHz. Under the same discharge condition, the double-needle negative corona discharge has the same frequency as the single-needle negative corona discharge. However, when the Trichel pulse processes of two discharge needles occur simultaneously, the spectral intensity of the generated EM radiation signal increases significantly when the pulse process is superimposed, and the spectral intensity near 70 MHz is increased from −60 dBm of the single-needle discharge structure to -57 dBm of the double-needle. frequency distribution in the frequency band around 140 MHz. Under the same discharge condition, the double-needle negative corona discharge has the same frequency as the single-needle negative corona discharge. However, when the Trichel pulse processes of two discharge needles occur simultaneously, the spectral intensity of the generated EM radiation signal increases significantly when the pulse process is superimposed, and the spectral intensity near 70 MHz is increased from −60 dBm of the single-needle discharge structure to -57 dBm of the double-needle.
Figure 8.
Frequency spectrum of discharge radiation signal of the double-needle discharge structure.
The frequency of the EM radiation signal generated by the double-needle negative corona discharge is only related to the ambient air pressure. When the air pressure is determined, the frequency of the EM radiation signal generated by the double-needle discharge will remain unchanged. The intensity is related to the air pressure, the tip radius of cathode, and applied voltage.
It is found in the experimental test that the multi-needle simultaneous discharge current characteristics and EM radiation characteristics are basically consistent with those of the double-needle discharge structure. When the applied voltage is low, the pulse processes of the discharge needles do not occur at the same time, and the radiation signals are generated by the discharge pulse process of each discharge needle alone. As the applied voltage rises, different discharge needle pulse processes may occur simultaneously, and the pulse currents will be linearly superimposed, which can result in an increase in the discharge radiation field intensity. If the applied voltage is increased continuously, then the corona discharge will enter the glow stage, the discharge current will be in a DC state, and the EM radiation signal will disappear. The frequency of the EM radiation signal of the multi-needle negative corona discharge is only related to the air pressure, while the intensity is affected by number of discharge needles, tip radius of cathode, gap distance of electrode, and applied voltage. Therefore, when the air pressure is determined, the frequency of the EM radiation signal will also be determined, and the detection of the negative corona discharge can be realized by detecting the characteristic spectrum of the negative corona discharge radiation signal.
Discussion
Mechanism Analysis of EM Radiation Generated by Negative Corona Discharge
The space between the two electrodes of negative corona discharge can be divided into a ionization zone, a plasma zone, and a drift zone [28] . As shown in Figure 9 , the ionization region is near the tip of the discharge needle. At the beginning of the discharge, the seed electrons near the electrode collide with the neutral air molecules under the action of a strong electric field. The neutral molecules are ionized into positive ions and electrons, the positive ions move toward the negative The frequency of the EM radiation signal generated by the double-needle negative corona discharge is only related to the ambient air pressure. When the air pressure is determined, the frequency of the EM radiation signal generated by the double-needle discharge will remain unchanged. The intensity is related to the air pressure, the tip radius of cathode, and applied voltage.
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Mechanism Analysis of EM Radiation Generated by Negative Corona Discharge
The space between the two electrodes of negative corona discharge can be divided into a ionization zone, a plasma zone, and a drift zone [28] . As shown in Figure 9 , the ionization region is near the tip of the discharge needle. At the beginning of the discharge, the seed electrons near the electrode collide with the neutral air molecules under the action of a strong electric field. The neutral molecules are ionized into positive ions and electrons, the positive ions move toward the negative electrode under the action of the electric field, and the electrons continue to ionize other neutral molecules under the action of the electric field. In a very short time, the number of electrons increases sharply, forms an ionosphere near the tip of the discharge needle, and the external circuit current increases sharply. This process is called electronic avalanche. The thickness of the ionization region of the negative corona discharge is usually about 1.5 mm [1] . Since the electric field is relatively strong and the charge-to-mass ratio of the electron is relatively large in this region, the velocity of electrons in this region can reach 0.01 times of light speed [29, 30] . After leaving the ionization region, the electrons will enter the plasma region. The electric field in the plasma region cannot provide sufficient energy for the electrons to complete the impact ionization. Therefore, the electrons combine with the neutral air molecules to form negative ions in the plasma region, then enter into the drift region, and move towards the anode under the action of the electric field. Since the charge-to-mass ratio of positive ions and negative ions is much larger than that of electrons, the velocity of positive ions and negative ions is negligible when compared to electrons moving at high speed in the ionization region. Therefore, it can be considered that for each pulse process in the entire discharge region, the discharge EM radiation field is generated due to the exponential growth and the rapid movement of electrons in the process of the electron avalanche in the ionization region and the plasma region. electrode under the action of the electric field, and the electrons continue to ionize other neutral molecules under the action of the electric field. In a very short time, the number of electrons increases sharply, forms an ionosphere near the tip of the discharge needle, and the external circuit current increases sharply. This process is called electronic avalanche. The thickness of the ionization region of the negative corona discharge is usually about 1.5 mm [1] . Since the electric field is relatively strong and the charge-to-mass ratio of the electron is relatively large in this region, the velocity of electrons in this region can reach 0.01 times of light speed [29, 30] . After leaving the ionization region, the electrons will enter the plasma region. The electric field in the plasma region cannot provide sufficient energy for the electrons to complete the impact ionization. Therefore, the electrons combine with the neutral air molecules to form negative ions in the plasma region, then enter into the drift region, and move towards the anode under the action of the electric field. Since the charge-to-mass ratio of positive ions and negative ions is much larger than that of electrons, the velocity of positive ions and negative ions is negligible when compared to electrons moving at high speed in the ionization region. Therefore, it can be considered that for each pulse process in the entire discharge region, the discharge EM radiation field is generated due to the exponential growth and the rapid movement of electrons in the process of the electron avalanche in the ionization region and the plasma region. Figure 9 . Negative corona discharge region division.
Wilson P.F. et al. [31] equate the EM radiation field generated by spark discharge with a dipole radiation model. The length of the dipole is equal to that of the discharge gap. According to his findings, we equate the EM radiation field that is generated by negative corona discharge with the dipole radiation model, as shown in Figure 10 . However, the length of the negative corona dipole model is different from that of the spark discharge dipole model. The dipole length dl = 1.5 mm (thickness of the ionization region), the direction is along the z-axis of the cylindrical coordinates, and the center of the dipole is the coordinate origin. For this configuration, the fields are found to be [31] :
(1) Figure 9 . Negative corona discharge region division.
Wilson P.F. et al. [31] equate the EM radiation field generated by spark discharge with a dipole radiation model. The length of the dipole is equal to that of the discharge gap. According to his findings, we equate the EM radiation field that is generated by negative corona discharge with the dipole radiation model, as shown in Figure 10 . However, the length of the negative corona dipole model is different from that of the spark discharge dipole model. The dipole length dl = 1.5 mm (thickness of the ionization region), the direction is along the z-axis of the cylindrical coordinates, and the center of the dipole is the coordinate origin. For this configuration, the fields are found to be [31] : where E ( r , t) (V/m) is the electric field strength of the EM wave, H( r , t) (T) is the magnetic field strength of the EM wave, R (m) is the distance from the discharge point to the observation point r (ρ, ϕ, z), η 0 (Ω) is the free space wave impedance, and i(u) (A) is the discharge current time-dependent waveform evaluated at time u (s), where u = t − R/c indicates the time lag when the radiation signal propagates to point r . Substitute the experimentally measured Trichel pulse current into the dipole radiation model to calculate the EM radiation field generated by the Trichel pulse. Figure 11 shows the Trichel pulse current of the discharge needle with a tip radius of 210 μm under 0.1 MPa. The current amplitude is 550 μA and the rising time is 53 ns.
Substitute the Trichel pulse current into Equation (1) to calculate the discharge radiation field intensity waveform at different detection distances. As shown in Figure 12 , the calculated EM radiation field intensity forms a pulse form, and the amplitude of the radiation signal is approximately inversely proportional to the detection distance. The EM wave propagates in the space at the speed of light, and the EM radiation field delay time is different at different positions. According to Equation (1), the space around the discharge needle can be divided into a near-field (d < λ/2π) and a far-field region (d > λ/2π), where λ is the wavelength of the radiation signal [31] . In the near-field region, the EM radiation signal is mainly determined by i(u). The intensity is attenuated as R 2 . While in the far field are ∂i(u)/∂t and R.
Substitute the experimentally measured Trichel pulse current into the dipole radiation model to calculate the EM radiation field generated by the Trichel pulse. Figure 11 shows the Trichel pulse current of the discharge needle with a tip radius of 210 µm under 0.1 MPa. The current amplitude is 550 µA and the rising time is 53 ns. Substitute the Trichel pulse current into Equation (1) to calculate the discharge radiation field intensity waveform at different detection distances. As shown in Figure 12 , the calculated EM radiation field intensity forms a pulse form, and the amplitude of the radiation signal is approximately inversely proportional to the detection distance. The EM wave propagates in the space at the speed of light, and the EM radiation field delay time is different at different positions. 
Comparison of Calculation Results of Dipole Radiation Model with Experimental Test Results
Document [21] has studied the effect of Trichel pulse current parameters on the discharge radiation spectrum. This paper mainly analyzes the relationship between the amplitude of discharge EM radiation field and Trichel pulse parameters. When the single Trichel pulse current waveform is the same, as the pulse repetition frequency increases, the average power of the radiation signal will increase, but the repetition frequency of the pulse will not affect the EM radiation signal that is generated by each pulse current, which is consistent with the experimental results ( Figure 5 ). Figure 13 shows the relationship between the amplitude of EM radiation signal and the rising time of Trichel pulse. The tip radius of the needle used in the experiment is 94 μm. Trichel pulse current produced by negative corona discharge and its EM radiation characteristics were measured at ambient pressure of 0.1 MPa, 0.08 MPa, 0.06 MPa, and 0.04 MPa, respectively. We measured 20 sets of data at each ambient pressure, each of which was 10 μs long and contained about 20 Trichel pulses. The rising time of Trichel pulse measured at ambient pressure of 0.1 MPa, 0.08 MPa, 0.06 MPa, Figure 12 . Discharge EM radiation field waveform.
Document [21] has studied the effect of Trichel pulse current parameters on the discharge radiation spectrum. This paper mainly analyzes the relationship between the amplitude of discharge EM radiation field and Trichel pulse parameters. When the single Trichel pulse current waveform is the same, as the pulse repetition frequency increases, the average power of the radiation signal will increase, but the repetition frequency of the pulse will not affect the EM radiation signal that is generated by each pulse current, which is consistent with the experimental results ( Figure 5 ). Figure 13 shows the relationship between the amplitude of EM radiation signal and the rising time of Trichel pulse. The tip radius of the needle used in the experiment is 94 µm. Trichel pulse current produced by negative corona discharge and its EM radiation characteristics were measured at ambient pressure of 0.1 MPa, 0.08 MPa, 0.06 MPa, and 0.04 MPa, respectively. We measured 20 sets of data at each ambient pressure, each of which was 10 µs long and contained about 20 Trichel pulses. The rising time of Trichel pulse measured at ambient pressure of 0.1 MPa, 0.08 MPa, 0.06 MPa, and 0.04 MPa was 52 ns, 78 ns, 118 ns and 264 ns, respectively. The power of the measured EM radiation signals is 8.824 mV, 6.504 mV, 4.936 mV, and 2.97 mV, respectively. After normalizing the amplitude of EM radiation signals, the yellow curve in Figure 13 is obtained. The Trichel pulse currents that were measured at different ambient pressures are taken into Equation (1) to calculate the electric field at a distance of 3 m from the discharge point. According to the parameters of the antenna, the calculated electric field is filtered from 20 MHz to 1000 MHz. Normalizing the filtered electric field can obtain the normalized theoretical EM radiation signal amplitude, as shown in Figure 13 . Figure 13 . Figure 13 . Theoretical calculated and experimentally tested "relationship between Trichel pulse rising edge and radiation signal amplitude". Figure 14 shows the relationship between the amplitude of the EM radiation signal and the amplitude of the Trichel pulse current. We measured the Trichel pulse current and its radiation characteristics of needles with a tip radius of 62 μm, 94 μm, 120 μm, 165 μm, and 210 μm. We measured 20 sets of data at each tip radius, each of which was 10 μs long and contained about 20 Trichel pulses. The measured amplitudes of the Trichel pulses are 180 μA, 250 μA, 290 μA, 410 μA, and 550 μA, respectively. The amplitude of the EM radiation signal is 7.83 mV, 8.824 mV, 10.965 mV, 14.216 mV, and 19.016 mV. After normalizing the amplitude of EM radiation signals, the yellow curve in Figure 14 is obtained. Bring the Trichel pulse current generated by needles with different tip radius into Equation (1) to calculate the electric field at a distance of 3 m from the discharge point. The calculated electric field is filtered and normalized to obtain the blue curve in Figure 14 . Figure 14 . Theoretical calculated and experimentally tested "relationship between Trichel pulse amplitude and radiation signal amplitude". Figure 13 . Theoretical calculated and experimentally tested "relationship between Trichel pulse rising edge and radiation signal amplitude". Figure 14 shows the relationship between the amplitude of the EM radiation signal and the amplitude of the Trichel pulse current. We measured the Trichel pulse current and its radiation characteristics of needles with a tip radius of 62 µm, 94 µm, 120 µm, 165 µm, and 210 µm. We measured 20 sets of data at each tip radius, each of which was 10 µs long and contained about 20 Trichel pulses. The measured amplitudes of the Trichel pulses are 180 µA, 250 µA, 290 µA, 410 µA, and 550 µA, respectively. The amplitude of the EM radiation signal is 7.83 mV, 8.824 mV, 10.965 mV, 14.216 mV, and 19.016 mV. After normalizing the amplitude of EM radiation signals, the yellow curve in Figure 14 is obtained. Bring the Trichel pulse current generated by needles with different tip radius into Equation (1) to calculate the electric field at a distance of 3 m from the discharge point. The calculated electric field is filtered and normalized to obtain the blue curve in Figure 14 .
amplitude of EM radiation signals, the yellow curve in Figure 13 is obtained. The Trichel pulse currents that were measured at different ambient pressures are taken into Equation (1) to calculate the electric field at a distance of 3 m from the discharge point. According to the parameters of the antenna, the calculated electric field is filtered from 20 MHz to 1000 MHz. Normalizing the filtered electric field can obtain the normalized theoretical EM radiation signal amplitude, as shown in Figure 13 . Figure 14 is obtained. Bring the Trichel pulse current generated by needles with different tip radius into Equation (1) to calculate the electric field at a distance of 3 m from the discharge point. The calculated electric field is filtered and normalized to obtain the blue curve in Figure 14 . The band of the antenna used in the experimental test is 20~1000 MHz. When the antenna was placed at a distance of 3 m from the discharge device, the received radiation signal shows far-field characteristics. The discharge EM radiation signal was dominated by ∂i(u)/∂t. If the ∂i(u)/∂t becomes smaller, then the amplitude of the EM radiation signal will be smaller. As the air pressure decreases, the rising time of the Trichel pulse becomes larger, and other parameters of the Trichel pulse remain unchanged. As shown in Figure 13 , when the rising time of the pulse increases from 52 ns to 264 ns, the amplitude of the theoretically calculated EM radiation signal decreases by 69%, and the amplitude of the experimentally tested EM radiation signal decreases by about 66%. The theoretical and experimental results were basically consistent. When the tip radius of the cathode increases, the amplitude of the Trichel pulse increases, and other parameters of the Trichel pulse remain unchanged. When the amplitude of the Trichel pulse increases from 180 µA to 550 µA, the ∂i(u)/∂t increases, the intensity of the EM radiation signal increases, as shown in Figure 14 . The theoretically calculated amplitude of the radiation signal increases approximately linearly, and the measured value is consistent with the theoretical value.
Effects of Multi-Needle Discharge Structure on EM Radiation Characteristics of Negative Corona Discharge
The ionization during negative corona discharge generates a large number of electrons and positive ions in the ionization region. Since the charge-to-mass ratio of electrons is much smaller than that of ions, which move slowly in the electric field and form positive ion clouds in the ionization region. The electrons leave the ionization region during the movement to the anode and combine with the neutral particles to form negative ions, form a negative ion cloud outside the ionization region. The space charge of the positive ion cloud and the negative ion cloud will generate a spatial electric field, which has an effect on the original electric field [32] . In the multi-needle discharge structure, the ion cloud formed by the discharge needle in the pulse phase will affect the electric field around the nearby discharge needle, thereby affecting the Trichel pulse process. As shown in Figure 15 , when a discharge needle is subjected to a pulse process, the positive ion cloud formed by it has little effects on the electric field in the ionization direction of the other discharge needle, and the negative ion cloud has a significant weakening effect on the electric field in the ionization direction of the other discharge needle. Therefore, in the case of a small applied voltage, the previous discharge needle pulse process has an inhibitory effect on the other [22] . As the applied voltage increases, the effect of the negative ion cloud is reduced, and the pulse processes of the two discharge needles occur simultaneously.
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The ionization during negative corona discharge generates a large number of electrons and positive ions in the ionization region. Since the charge-to-mass ratio of electrons is much smaller than that of ions, which move slowly in the electric field and form positive ion clouds in the ionization region. The electrons leave the ionization region during the movement to the anode and combine with the neutral particles to form negative ions, form a negative ion cloud outside the ionization region. The space charge of the positive ion cloud and the negative ion cloud will generate a spatial electric field, which has an effect on the original electric field [32] . In the multi-needle discharge structure, the ion cloud formed by the discharge needle in the pulse phase will affect the electric field around the nearby discharge needle, thereby affecting the Trichel pulse process. As shown in Figure 15 , when a discharge needle is subjected to a pulse process, the positive ion cloud formed by it has little effects on the electric field in the ionization direction of the other discharge needle, and the negative ion cloud has a significant weakening effect on the electric field in the ionization direction of the other discharge needle. Therefore, in the case of a small applied voltage, the previous discharge needle pulse process has an inhibitory effect on the other [22] . As the applied voltage increases, the effect of the negative ion cloud is reduced, and the pulse processes of the two discharge needles occur simultaneously. In order to prove that the Trichel pulse discharge process of one discharge needle in the multi-needle discharge structure will inhibit that of the other discharge needle, we measured the In order to prove that the Trichel pulse discharge process of one discharge needle in the multi-needle discharge structure will inhibit that of the other discharge needle, we measured the PRPD of the single-needle and double-needle discharge structure under the same applied voltage, as shown in Figure 16 . The tip radius of the discharge needle selected for measurement is 158 µm and 165 µm, respectively. Firstly, a single needle discharge experiment was performed using the needle with a tip radius of 158 µm and a Trichel pulse sequence with a discharge voltage of 8.6 kV was obtained, as shown in Figure 16a . The Trichel pulse interval of the single-needle discharge structure is between 1400 ns and 1600 ns when the applied voltage is 8.6 kV. The experiment was then carried out using a two-needle discharge structure consisting of two discharge needles with tip radius of 158 µm and 165 µm. The Trichel pulse sequence of the double-needles discharge structure at an applied voltage of 8.6 kV is shown in Figure 16b . The Trichel pulse indicated by the blue arrow is generated by the discharge needle with a tip radius of 165 µm with interval is of approximately 3000 ns. The Trichel pulses indicated by the red arrow in the figure are generated by the discharge needle with a tip radius of 158 µm. The time intervals of these Trichel pulses vary greatly. When there is another Trichel pulse generated by another discharge needle between the two Trichel pulses, the interval between the two pulses can reach 1800 ns; otherwise, it is about 1400 ns. Such measurement results can explain that when a discharge needle is subjected to a pulse process, the pulse process of the other needle will be suppressed. The interval of the Trichel pulse will increase. The EM radiation signal corresponds to the pulse current signal of negative corona discharge. When the pulse current signal is superimposed, the EM radiation signal will also be superimposed.
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Conclusions
In this paper, the pulse current characteristics of multi-needle negative corona discharge and its EM radiation characteristics are studied.
Based on the study of EM radiation characteristics of single-needle negative corona discharge by Zhang Y. [21] , we studied the pulse current and its EM radiation characteristics of multi-needle negative corona. Different from Abdel-Salam's [8, 22] research on the volt-ampere characteristics of multi-needle negative corona discharge, we analyzed the pulse current characteristics of the negative corona discharge and studied the corresponding relationship between EM radiation signal and pulse current. The effect of multi-needle discharge structure on the EM radiation characteristics of negative corona discharge is analyzed.
In the multi-needle discharge structure, the Trichel pulse discharge process of one discharge needle in the multi-needle discharge structure will inhibit the discharge of the other discharge needle. When the applied voltage is low, the negative corona discharge Trichel pulse processes of the respective discharge needles are mutually suppressed, and the discharge needle pulse processes occur separately. When the applied voltage increases to a certain threshold, the pulse processes of different discharge needles will occur simultaneously, the multi-needle discharge current will be linearly superimposed, and the generated EM radiation field will also be linearly superimposed. The frequency 
In the multi-needle discharge structure, the Trichel pulse discharge process of one discharge needle in the multi-needle discharge structure will inhibit the discharge of the other discharge needle. When the applied voltage is low, the negative corona discharge Trichel pulse processes of the respective discharge needles are mutually suppressed, and the discharge needle pulse processes occur separately. When the applied voltage increases to a certain threshold, the pulse processes of different discharge needles will occur simultaneously, the multi-needle discharge current will be linearly superimposed, and the generated EM radiation field will also be linearly superimposed. The frequency of the radiation signal after multi-needle simultaneous discharge superposition is the same as the frequency of the single-needle, but the amplitude is increased.
The negative corona discharge radiation process can be equivalent to the dipole antenna radiation model. The dipole length is the sum of the thickness of the ionization region and the plasma region. The radiation field in the near-field region is dominated by i(u) and the discharge radiation field in the far-field region is dominated by ∂i(u)/∂t. The amplitude of the EM radiation signal is related to the tip radius of the cathode and the air pressure. The larger the tip radius is, the larger the amplitude of the pulse current and the intensity of the EM radiation signal will be. As to the air pressure, which gets lower, the rising time of the pulse will be longer, while the change of current as time, and the intensity of the radiation signal will be smaller. The spectral characteristics of the EM radiation of the multi-needle negative corona discharge are only related to the air pressure. The intensity of the EM radiation signal is related to the tip radius of the cathode, the air pressure, and the number of discharge needles.
The results of this work may provide promising method for evaluation of insulation condition of electric apparatus, as well as detection of the discharge sources.
